Human neural stem cell transplants to address multiple pathologies associated with traumatic brain injury Traumatic brain injury (TBI), an unmet need: TBI is an alteration in brain function caused by an external force with evidence of brain pathology. It could be from a bump, blow, blast or jolt to the head including penetrating the cranium. TBI is a public health concern worldwide due to its economic impact. Most TBIs are survivable, do not need hospitalization but may influence productivity. A smaller percentage of TBI due to falls or penetrating TBI (PTBI) needs hospitalization and accounts for largest fraction of TBI care costs. PTBI especially that involving firearm injury is an increasingly serious issue. In the United States, PTBI is an issue both in the military and civilian context costing more than $70-75 billion annually. PTBI has become increasingly survivable including previously lethal midline crossing of projectile due to brain trauma foundation guidelines as well as timely neurosurgical intervention. The extent of recovery is proportional to initial damage; injuries limited to single hemisphere stabilize earlier than those crossing the midline do. However, currently the consequence of surviving a PTBI is most likely to be permanent disability. Rate of disability has not changed over the past 5 decades. Almost 3.2 million Americans live with neurobehavioral disability i.e., chronic cognitive and functional impairment requiring support from their families and the State, with lifetime costs of millions of dollars per patient. The TBI lesion is dynamic with continued brain atrophy, which correlates with persistent neurological deficit and overall social outcome. Observations of post-TBI tissue loss by pathologists were confirmed by longitudinal imaging studies in living TBI survivors. Progressive volume loss was coincident with persistent neuroinflammation thought to be due to chronic microglial activation (Smith, 2013; . In a study of veterans living with TBI spanning 4 decades, loss of tissue following PTBI was approximately 56 mL. Magnification of the primary injury via secondary mechanism underlies such volume loss and consequent disability. The PTBI penumbra (tissue surrounding the PTBI injury core) is render vulnerable by pyroptosis of chronically activated microglia. Continued pyroptosis of microglia and adjacent cells facilitate the lesion expansion into otherwise intact remote regions ( Figure 1A & B) . Spontaneous recovery in TBI generally takes place within the first 3 months after injury and is mainly due to neural plasticity but not endogenous reparative neurogenesis. Success in restoring an injured brain with current therapies is limited by inability of central nervous system to regenerate spontaneously. Hence, current medical treatments albeit unsuccessfully, have sought to (i) prevent neuroinflammation driven deterioration and (ii) replace lost cells. The historical failure of acute neuroprotective trials has led to alternate approaches i.e., recruit endogenous neural stem cells (NSCs) or replace via transplantation of exogenous NSCs with a goal to rebuild circuitry. Both preclinical and clinical attempts to boost endogenous NSCs have failed to repair injured brains. In addition, the concept of recruiting endogenous NSCs to repair injured brain developed in rodents may have limited scope in humans given the differences in neurogenesis rate and recruitment distances (Kassi et al., 2018) . Could precise stereotactic placement of NSCs help address the unmet need and repair an injured brain?
Human NSC (hNSC) transplantation studies in preclinical TBI: Transplantation of exogenous rodent NSCs not only replaces lost neurons but also boosts endogenous neurogenesis, angiogenesis ameliorating ischemia/TBI induced cognitive deficits (Ryu et al., 2016; Kassi et al., 2018) . Lack of robust durable engraftment of human NSC in rodent TBI models failed to provide rational for clinical trials aimed at assessing cell therapy potential in human TBI. Recently amelioration of cognitive deficits via sub-acute transplantation of clinical trial grade hNSCs in immunosuppressed rats as well as athymic rats has been reported (Haus et al., 2016 ; Spur-
Figure 1 Schematic of an intact gyrencephalic brain.
The picture shows the gyri, sulci, six layers of cortical neurons (red triangles with yellow nuclei) in gray matter (GM) and neuronal density dependent projections into white matter (WM) with normal astrocytes (red stars), highly ramified resting (filled blue arrow) and primed microglia (open blue arrow) in (A). After penetrating traumatic brain injury (PTBI), represented by a cortical tissue penetration the penumbra surrounding the injury core is replete with proinflammatory-activated microglia (orange arrow). Activated microglial pyroptosis (secondary damage) in penumbra causing cortical thinning (red arrow) and manifest as ventriculomegaly (VM). Persistent axonal debris and chronic microglial activation mediate toxic inflammation fueling tissue loss years after injury (B). Stereotaxic transplantation of human neural stem cells (green shapes) in penumbra would provide a two-in-one solution, a source of cells to replace lost cell types, resolve chronic microglial activation preventing further tissue loss (C). lock et al., 2017) . In other TBI and central nervous system disease models, NSC transplants mediated increased phagocytosis, decreased gliosis, and disrupted toxic inflammatory signaling (Kassi et al., 2018) . Another secondary mechanism known to exacerbate TBI i.e., posttraumatic epilepsy, hNSC transplantation mitigated it too. In a temporal lobe epilepsy model 6 months post-transplantation, hNSC derived neurons conferred both neuroprotection and antiepileptogenic effects via synaptic connections with host (Upadhya et al., 2019) . hNSCs transplant studies in other central nervous system regions with longer survival periods (9-18 months) in primates and rodents replaced lost neurons, oligodendrocytes and astrocytes depending on transplant location recapitulating neural development (Lu et al., 2012; Rosenzweig et al., 2018; Lien et al., 2019) .
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hNSCs in TBI:
Autologous NSC transplantation in human TBI provides the evidence for feasibility but not sufficient to launch a clinical trial. The absence of NSC-TBI clinical trial in the 50 ongoing clinical trials listed by California Institute for Regenerative Medicine is a glaring reminder of the gap in knowledge (Kassi et al., 2018) . The only human cell therapies for TBI in clinical trials are NCT02416492, NCT02525432, both mesenchymal stem cells (MSC). In rodents, the mechanism of action for MSCs is anti-apoptotic and recruitment of endogenous stem cells/immature neurons to TBI lesion 'biobridge' . MSCs cannot function as agents of cell replacement as they do not differentiate into neural cell types nor engraft. Therapeutic role of 'MSC transplant induced' endogenous cell recruitment to TBI lesion and its relevance to humans remains to be determined. Human neural stem cell based therapy not yet available for TBI has precedent in stroke. An immortalized hNSC line derived CTX0E03 from first trimester fetal brain tissue (of unspecified age) has progressed to multiple stroke clinical trials with encouraging results despite low engraftment and persistence of cells only up to 5 weeks post-transplantation (Sinden et al., 2017) .
Conclusions:
The preclinical studies support the notion that hNSC therapy can address multiple TBI pathologies. Transplanted hNSCs could (i) be an enduring source of cells to replace lost neural cells, recapitulating neural development in transplantation site dependent manner, (ii) confer neuroprotection via immunomodulation in sub-acute phase ( Figure 1C) , (iii) mitigate vulnerability to injury induced posttraumatic epilepsy. Prior to use of the approach in clinic, mechanistic insights with gyrencephalic TBI models and a safety trial in TBI patients will be necessary.
